Background: Abivertinib is a novel oral, third generation epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) that overcomes T790Minduced resistance in non-small cell lung cancer (NSCLC) patients. Here, we report the results of a complete and detailed clinical data of patients treated with abivertinib at our hospital in a phase I dose escalation/expansion study of abivertinib. Methods: NSCLC patients with the EGFR T790M mutation were orally administered abivertinib (150-300 mg) twice daily for cycles of 28 continuous days and tumor response was assessed. Further data regarding subsequent treatment protocols and survival were collected. Results: A total of 28 NSCLC patients were included. Of the 24 assessable patients, 12 (50%) achieved a partial response (PR), and six (25%) achieved stable disease (SD). Median progression-free survival (PFS) was 5.9 months (95% confidence interval (CI): 3.259-8.541) and median overall survival (OS) was 17.9 months (95% CI: 11.36-24.5). For salvage therapy in 15 (53.6%) patients after abivertinib, the median PFS following osimertinib treatment was 12 months. The median total treatment duration for the two third-generation EGFR TKIs was 15.9 months (95% CI: 12.5-19.3). The most frequent abivertinib-associated adverse effects were elevated hepatic transaminases (10/28, 35.7%) and diarrhea (10/28, 35.7%). Conclusions: Abivertinib is a unique novel third-generation EGFR TKI with good tolerance and efficacy in EGFR T790M(+) NSCLC patients. For patients with progressive disease after treatment with abivertinib, osimertinib could be an option for subsequent therapy but further studies are required.
Introduction
In the last two decades, due to the wide application of target therapy, prognosis for advanced-stage non-small cell lung cancer (NSCLC) has greatly improved. 1 Epidermal growth factor receptor (EGFR) gene mutations occur in approximately 50% of Asian non-small cell lung cancer (NSCLC) patients, particularly in never-smokers and patients with adenocarcinoma. 2 First-line treatment with 594 reversible first-generation EGFR tyrosine kinase inhibitors (TKIs), such as gefitinib, erlotinib, and icotinib, and second-generation EGFR TKIs (afatinib) have been shown to improve progression-free survival (PFS) in NSCLC patients with EGFR-sensitive mutations compared with chemotherapy. [3] [4] [5] [6] [7] [8] However, despite the good initial responses of these firstand second-generation EGFR TKIs, most patients develop acquired resistance. Moreover, there has been no evidence that patients benefit from the sequential use of different first-generation EGFR TKIs.
The acquired EGFR T790M mutation accounts for 55%-70% of cases of resistance to first-generation EGFR TKIs. 9 However, third-generation EGFR TKIs designed to specifically and selectively bind to and inhibit EGFR T790M are now available. Osimertinib is the first and only globally approved third-generation EGFR TKI. 10 It demonstrates good efficacy in NSCLC patients harboring acquired T790M mutations, although acquired resistance to osimertinib is also inevitable.
Abivertinib is a novel oral, potent, irreversible EGFR TKI that selectively targets EGFR mutations and overcomes T790M-induced resistance in NSCLC patients. 11, 12 Ma et al. reported the initial safety and efficacy of abivertinib in a single center phase I trial as well as its potential resistance mechanism from the results of plasma cell-free DNA analysis, supporting its continued development. 12 However, the objective response rate (ORR) was lower than that for osimertinib. 13 The special resistance mechanism spectrum also indicated the difference between abivertinib and osimertinib. [12] [13] [14] Moreover, little is known about sequential treatment with abivertinib and osimertinib.
To further investigate the therapeutic characteristics and significance of abivertinib, we reported the results of a complete and detailed clinical data analysis of patients who were enrolled at Peking Union Medical College Hospital in a phase I dose escalation/expansion study of abivertinib.
Methods
The study protocol of the phase 1 trial of abivertinib was approved by the Institutional Review Board (IRB) of Peking Union Medical College Hospital. All enrolled patients provided their written informed consent. The study adhered to the principles of the Declaration of Helsinki and the Good Clinical Practice guidelines. Specific written informed consent for the retrospective analysis about their subsequent therapy after abivertinib was waived by the IRB. No financial compensation was provided to patients.
Patient enrollment
Adult patients with a histologically or cytologically confirmed diagnosis of NSCLC, who had locally advanced or metastatic or relapsed NSCLC with a known EGFR TKIsensitizing mutation, had progressed from prior treatment with a first-generation EGFR TKI (gefitinib, erlotinib, or icotinib), and had a central laboratory-affirmed T790M mutation were enrolled to receive oral abivertinib in an expansion cohort in a phase I trial.
Tissue biopsies were required from patients progressing from prior EGFR TKI therapy. These tissue specimens were tested for EGFR T790M status in the Department of Pathology at Peking Union Medical College Hospital, using the amplification refractory mutation-Scorpion system (Qiagen) and quantitative fluorescent PCR. Patients with a primary EGFR T790M mutation who had not been previously treated with an EGFR TKI were also eligible.
Abivertinib treatment and response assessment
Abivertinib was orally administered to patients in doses escalating from 150 mg to 300 mg twice daily for cycles of 28 continuous days until disease progression or unendurable toxicity.
Response was assessed on day 29 and then every eight weeks. The objective tumor response was assessed according to RECIST 1.1: a complete response (CR) was defined as the disappearance of all lesions; a PR was defined as a ≥30% decrease in the sum of the longest target lesion diameter, taking as reference the longest baseline diameter and/or the persistence of one or more nontarget lesions; Progressive disease (PD) was defined as a ≥20% increase in the sum of the longest diameter, taking as reference the smallest sum of the longest diameter recorded after treatment or the appearance of one or more new lesions, or the unequivocal progression of existing nontarget lesions; and SD was defined as the absence of significant shrinkage or enlargement qualifying as CR, PR, or PD, taking as reference the smallest sum of the longest diameter recorded after treatment. The PR or CR should be identified eight weeks (two cycles) from the first PR or CR assessment.
Subsequent treatment after progression on abivertinib
Further data about subsequent treatment and survival were collected prospectively after progression following abivertinib treatment, including the duration of subsequent treatment and overall survival. For patients subsequently treated with osimertinib, additional details were collected to investigate the benefit from osimertinib.
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Statistical analysis
Descriptive analysis was performed for patient demographics. All time-to-event variables were estimated using the Kaplan-Meier method. PFS was defined from the start of abivertinib treatment to disease progression or patient's death, whichever occurred first. OS was defined from the start of abivertinib treatment to the patient's death. Treatment duration of the third-generation EGFR TKIs was defined as the treatment duration with abivertinib plus the treatment duration with osimertinib. 
Results

Patients' characteristics
Between August 2015 and August 2017, 28 patients were treated with abivertinib in the phase I dose-escalation and expansion study at our hospital. Among them, 15 patients accepted subsequent antitumor therapy and nine patients were treated with osimertinib ( Fig 1) .
General characteristics of the 28 patients are shown in Table 1 . The median age was 58 years (range, 31-75 years); 14 patients (50.0%) were females, and eight (28.6%) were smokers. ECOG performance scores at baseline were 0-1 for all patients. A total of 14 (50%) patients had asymptomatic central nervous system (CNS) metastasis at baseline.
All patients had initial EGFR mutations: 16 patients had EGFR exon 19 deletions, 10 had exon 21 L858R mutations, one had concurrent exon 21 L861Q and exon 18 G719X mutations, and one had a de novo T790M mutation plus exon 19 deletion. A total of 27 patients had an acquired T790M mutation, and all had progressed from prior firstgeneration EGFR TKIs (11 patients were treated with gefitinib, 14 with icotinib, and two with erlotinib; most were used as first-line therapy). The only patient that had no prior therapy was the case with a de novo T790M mutation.
Tumor response to treatment with abivertinib and survival
Two patients receiving 600 mg of abivertinib daily withdrew because of severe adverse events (SAEs). Two patients chose to withdraw for personal reasons after two cycles of treatment; lesion shrinkages of more than 30% were evident in both patients according to their first assessment. The investigator's assessment of the remaining 24 patients showed that 12 (50%) achieved a PR, and six (25%) achieved stable disease (SD) (Fig 2) . The ORR was 50% and the disease control rate was 75%.
Until 1 January 2019, the mean follow-up period was 462 days (range, 134-630 days). All 28 patients had progressed from abivertinib therapy, and 23 patients had died. The median PFS was 5.9 months (95% CI: 3.259-8.541), and the longest PFS was 18.9 months. The median OS was 17.9 months (95% CI: 11.36-24.5).
Adverse effects of treatment with abivertinib
All abivertinib-associated adverse effects (AEs) in this study are shown in Table 2 . The most frequent AEs were elevated hepatic transaminases (10/28, 35.7%) and diarrhea (10/28, 35.7%). Most AEs were mild (grade 1-2) and reversible. There were only four reversible grade 3 AEs (two rash, one diarrhea, and one interstitial lung disease [ILD]). Mild hematologic toxicities (neutropenia and thrombocytopenia, grade 1) were also found, and all were reversible. A total of 10 patients had skin toxicities, of whom two were grade 3. Considering the correlation between the dosage and incidence rate or severity of AEs, it seemed that most of the grade 3 AEs (one rash, one diarrhea, and one ILD) occurred at a dose of 600 mg daily. Two patients withdrew because of severe AEs (one rash and one ILD). Diarrhea was rare and mild at lower dosages (one case) but seemed more common or severe at higher dosages (nine cases at 600 mg daily). No dose reduction occurred. The characteristics of the nine patients who accepted osimertinib are shown in Table 3 . The median age was 62 years (range, 31-72 years); four patients (44.4%) were females. For prior treatment with abivertinib, all patients accepted abivertinib as their second-line therapy, and all received a dose of 300 mg twice daily. Six patients stopped abivertinib because of progression, while two stopped because of SAEs (one ILD and one rash), and one stopped because of personal reasons. The median PFS following abivertinib treatment in six assessable patients was 2.9 months (range, 1.2-6.9 months). Three patients developed CNS metastasis after abivertinib treatment, but only one patient developed isolated CNS metastasis. One patient with symptomatic CNS metastasis accepted whole skull radiotherapy concurrently. No osimertinib-related SAEs developed, and no relapse of ILD or severe rash occurred. Among them, six patients (66.7%) achieved a PR (Fig 3) . The median PFS following osimertinib treatment was 12 months (four patients had not progressed at the time of publication). The median total treatment duration for the two third-generation EGFR TKIs was 15.9 months (95% CI: 12.5-19.3) (Fig 4) .
Discussion
The emergence of the gatekeeper EGFR T790M mutation, which prevents the binding of first-generation EGFR TKIs to EGFR, has been demonstrated to be responsible for more than 50% of resistance to firstand secondgeneration EGFR TKIs in NSCLC patients with EGFRsensitive mutations. [15] [16] [17] [18] [19] The successful development of a third-generation inhibitor that selectively targets the T790M mutation provides a good option for patients harboring the T790M mutation. 20 Osimertinib is the only third-generation EGFR TKI approved globally, 10 and there are now several novel third-generation EGFR TKIs in clinical development. 20 Abivertinib is a novel, potential, irreversible EGFR TKI that is selective for the T790M mutation. 11 The results of a total phase I trial of abivertinib were recently reported at the 56th ASCO meeting. 21 The data of patients treated with abivertinib at Peking Union Medical College Hospital showed similar efficacy and safety. Without taking the different doses into account, abivertinib achieved an overall response rate of 50% and a disease control rate of 75%, which is superior to platinum-based chemotherapy and comparable with other third-generation EGFR TKIs such as osimertinib. 20 The median PFS was 5.9 months (95% CI: 3.259-8.541), and the median OS was 17.9 months (95% CI: 11.36-24.5). These results indicated the efficacy of treatment with abivertinib, while PFS was a little shorter than that for osimertinib. 13 The most common AEs were mild and included reversible elevated hepatic transaminases and diarrhea. Four severe AEs occurred, all of which were grade 3, and all patients recovered after the correct treatment. It is notable that there was a grade 3 ILD, and after complete recovery following treatment with prednisone, the subsequent therapy with osimertinib was successful and uneventful. Mild (grade 1) hematological toxicity was observed in several patients with no need for administration of a granulocytecolony stimulating factor. Taking into consideration the different dosages, diarrhea seemed to be more common at higher dosages (600 mg daily) than lower dosages, but most cases were mild and intermittent. No dose-limiting toxicities occurred.
As for the sequential treatment of the patients who progressed after abivertinib treatment, it is interesting to note that the nine patients who accepted osimertinib as salvage therapy showed efficacy. The median PFS was as long as 12.0 months, with four patients maintained on osimertinib treatment to date. In two patients who experienced grade 3 ILD and skin rash because of abivertinib, no similar SAEs recurred during osimertinib therapy. The median total treatment duration with abivertinib and osimertinib was as long as 15.9 months, while the median response duration with osimertinib treatment alone was 12.3 months in NSCLC patients with T790M mutations according to a long-term follow-up of a pooled analysis of two phase II studies. 22 To our knowledge, there is no evidence that the sequential use of different first generation TKIs (gefitinib, erlotinib, icotinib) could bring more benefits to patients, because all first-generation TKIs target the same EGFRsensitive mutation. With regard to the effectiveness of osimertinib as a subsequent therapy after abivertinib, despite both being third-generation EGFR TKIs, we supposed that it may be due to the unique structure of abivertinib, which differs from osimertinib. 11 Compared with the structures of other reported thirdgeneration tyrosine kinase EGFR inhibitors (WZ4002, rociletinib, and osimertinib), abivertinib has a distinct chemical structure that contains a pyrrolopyrimidine ring system as its core, whereas all other third-generation EGFR inhibitors, such as WZ4002, rociletinib, and osimertinib, have a pyrimidine core structure. 11 Differences in this structure may lead to variation in the inhibition of the T790M mutation. Our results also indicated different toxicity spectrums between abivertinib and osimertinib, as the regimen switch was successful in two patients who developed SAEs from treatment with abivertinib. Regarding the potential resistance mechanism to abivertinib, there were also obvious differences between these two third-generation EGFR TKIs according to an earlier small sample study. 12 The cell-free DNA sequencing results from 16 patients who developed resistance to abivertinib revealed that they harbored BRAF V600E mutations, ROS1 fusions, MNNG HOS transforming gene (MET), and erb-b2 receptor tyrosine kinase 2 gene (ERBB2) amplification, but EGFR C797S mutations were not detected, which is a well-known cause of resistance to osimertinib. 23 Recently, Zhang et al. also reported the resistance mechanisms to abivertinib according to nextgeneration sequencing (NGS)-based genomic profiling of the plasma samples of 27 patients who developed abivertinib progression from the phase I dose-escalation/ expansion study. Their findings also reveal a heterogenous pattern of resistance mechanisms to abivertinib that is distinct from that previously reported with osimertinib, and EGFR amplification was the most common resistance mechanism in their cohort. 14 We previously reported the low penetration rate of abivertinib through the blood-brain barrier, 24 which could cause poor efficacy in CNS metastasis, resulting in a short PFS, while osimertinib was reported to better control CNS metastasis. 25 Therefore, in cases of isolated CNS metastasis, patients could still benefit from osimertinib. Among our nine patients, three developed CNS metastasis following abivertinib treatment, but only one developed isolated CNS metastasis, and the other two patients progressed with both intra-and extracranial disease concurrently, which indicated "real progression" on abivertinib; a PR was still achieved with osimertinib treatment in one patient. Furthermore, for the three patients without CNS metastasis after treatment with abivertinib, we still observed a benefit from subsequent osimertinib treatment. Thus, the poor penetration of abivertinib through the blood-brain barrier could not explain all the cases since only some patients developed brain metastases after abivertinib treatment.
Thus, the clinically significant benefit from subsequent treatment with osimertinib among our patients implies that abivertinib progression may be due to incomplete target inhibition, and the efficacy of abivertinib seemed weaker than that of osimertinib. The report by Zhang et al. 14 showed that EGFR T790M loss (15%) with abivertinib resistance was much less frequent than that reported in osimertinib resistance cohorts (42%-68%), 26 which verified the incomplete inhibition of abivertinib compared with osimertinib and also explained our findings regarding the response to osimertinib after abivertinib progression.
The main limitation of our study was the small sample size. Consequently, the results of this study may not be thoroughly representative and further studies with a larger sample size are needed. Although we observed the phenomenon that patients could benefit from subsequent osimertinib after progression on abivertinib treatment, suggesting the possibility of a therapeutic strategy, further well-designed clinical studies are required. Furthermore, osimertinib was recently approved and is being broadly adapted as the first-line therapy for all advanced EGFR mutant non-small cell lung cancers. 27 When osimertinib is used as the first-line therapy, these patients will never develop T790M mutation. However, China has a large number of adenocarcinoma patients with EGFR positive mutations, and there will still be many patients with EGFR positive mutations who choose to start treatment with firstor second-generation TKIs. As a third-generation TKI with Chinese proprietary property, abivertinib still has important development prospects.
In conclusion, abivertinib is a unique novel EGFR TKI. It is well tolerated and efficacious in EGFR T790M(+) NSCLC patients. For patients who progress after treatment with abivertinib, osimertinib could be a subsequent therapy option but further studies are required.
